Borrelia recurrentis, the cause of louse-borne relapsing fever, has until recently been considered noncultivable, which has prevented characterization of this spirochete. We successfully cultivated 18 strains from patients with louse-borne relapsing fever and present the initial characterization of these isolates. Electron microscopy revealed spirochetal cells with pointed ends, an average wavelength of 1.8 pm, an amplitude of 0.8 pm, and 8 to 10 periplasmic flagella. The G+C ratio was 28.4 mol%. Whole DNA-DNA hybridizations showed similarity between the isolates of B. recurrentis but not with Borrelia hermsii, Borrelia parkeri, Borrelia turicatae, or the Lyme-associated borreliae. Sequencing studies of both the flagellin and 16s RNA genes revealed that the greatest similarity was between B. recurrentis and Borrelia duttonii. Analysis of the sodium dodecyl sulfatepolyacrylamide gel electrophoresis profiles of strains revealed four groups based on the position of a major protein band (one of the groups showed some heterogeneity and was subdivided into four subgroups). Pulsed-field gel electrophoresis revealed five distinct patterns.
In the last century, successive epidemics of louse-borne relapsing fever spread from Asiatic Russia into Europe, causing death in from 2 to 40% of the cases. Now, this disease has all but vanished in all areas except the Andean foothills, the Ethiopian highlands, and nearby Rwanda. Even in the turmoil in the former Yugoslavia, the appearance of louse-borne typhus was not accompanied by relapsing fever. Why the disease has persisted in only a few isolated foci and has become invisible elsewhere remains an enigma.
The vector of this disease is the infected human body louse (Pediculus humanus humanus). Lice become infected by feeding on a spirochetemic patient. The ingested spirochetes enter the gut and cross the epithelium into the hemolymph. Transmission to humans occurs by contamination of abraded skin with hemolymph from a crushed infected louse. Clinically, louse-borne relapsing fever is characterized a 5-to 7-day incubation period, one to five relapses of fever, and spirochetemia (notably fewer spirochetemias than in tick-borne relapsing fever). Febrile episodes typically last 2 to 9 days, with an afebrile interval of about 9 days. The initial fever is usually the longest and most severe and is followed by milder relapses. Very high spirochete counts are usually associated with a poorer prognosis. Mortality is higher in louse-borne relapsing fever (up to 40% in untreated cases and 10% in treated cases) than in the tick-borne variety; this may be related to higher counts of circulating spirochetes. It is possible that as seen in outbreaks, there is a spectrum of severity.
We were able to culture Borrelia recurrentis for the first time since it was described in 1867 by Obermeier (12) . Preliminary characterization of B. recurrentis and a comparison of this organism with relapsing-fever, Lyme-associated, and other borrelial species are described in this paper. strain; lanes 6 through 9, protein group 3 strains; lane 10, protein subgroup 4a strain; lanes 11 and 12, protein subgroup 4b strains; lanes 13 through 16, protein subgroup 4c strains; lanes 17 and 18, protein subgroup 4d strains.
MATERIALS AND METHODS
Louse-borne relapsing-fever patients. All patients from which cultures were obtained were demonstrated to be spirochetemic by blood film microscopy by using Wright's stain. One patient was female, and the remaining 17 patients were male. The ages of the patients ranged from <12 to 36 years. Most were laborers or jobless. Body lice were found on the clothing in all cases. The duration of clinical symptoms varied between 3 and 7 days.
Bacterial strains and culture conditions. The strains used in this study are listed in Table 1 . All isolates were cultured in BSK I1 medium (3). Relapsingfever strains were maintained by thrice weekly subculturing, and the remaining strains were subcultured on a weekly basis. The strains of Lyme-associated and tick-borne relapsing-fever borreliae were of unknown passage number. The strains of R. recurrentis had passage numbers between 8 and 15; this was the minimum number of passages necessary to obtain sufficient material to undertake the study.
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE).
Borrelial cells were harvested from BSK I1 medium by centrifugation at 3,500 X g, washed twice, and suspended in phosphate-buffered saline (Oxoid) to give a protein concentration of approximately 1.8 mg/ml (as determined with a Bio-Rad Bradford protein assay kit). Cells were diluted in electrophoresis sample buffer containing (final concentrations) 75 mM Tris-HCI, 100 mM dithiothreitol, 2% (vol/vol) SDS, and 10% (voVvo1) glycerol. This mixture was boiled for 5 min, divided into aliquots, and frozen at -20°C until it was required.
Samples were boiled again for 5 min immediately before 5-p1 volumes were loaded into wells on rninigels (type SE250 Mighty Small system; LKB, Ltd.). The optimal sample concentration for gel loading was determined by dilution. Borrelial proteins were stacked by using a 4% stacking gel and then were separated by discontinuous SDS-PAGE by using 12.5% gels run at 150 V (gels were prepared from a 30% [wt/vol] Immunoblotting. SDS-PAGE gels as described above were blotted onto nitrocellulose membranes as described elsewhere (1 l). After these membranes had been blocked overnight in 5% dried milk (Marvel) in Tris-buffered saline (50 mM Tris, 150 mM sodium chloride; pH 7.5), they were incubated at room temperature overnight with 1:1,000 dilutions of monoclonal antibody H9724 (4). After washing, each membrane was incubated with a 1:3,000 dilution of goat anti-mouse alkaline phosphatase conjugate (Bio-Rad), washed, and developed by using a solution containing p-nitroblue tetrazolium chloride (0.3 mgiml) and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (0.15 mg/ml), and the reaction was stopped by washing in distilled water (11). The molecular weight of the flagellin band could then be determined by comparison to molecular weight standards (Rainbow markers; Amersham International).
Coomassie blue staining. Minigels were stained by using a Coomassie blue stain (2.5 g of Coomassie blue R250 in 1 liter of 95% [vol/vol] ethanol, filtered before use)-l0% (vol/vol) glacial acetic acid solution (1:l) overnight. The gels were destained twice for 1.5 h with 100 ml of 95% (vol/vol) ethanol and 150 ml of 5% (vol/vol) glacial acetic acid, then with 33 ml of 95% (vol/vol) ethanol and 133 ml of 5% (vol/vol) glacial acetic acid for 2 h, and finally with 117 ml of 5% (vol/vol) glacial acetic acid and 50 ml of distilled water overnight.
Pulsed-field gel electrophoresis (PFGE). Cells were harvested from BSK I1
medium by centrifugation at 3,500 X g for 20 min, washed twice with a wash solution (75 mM NaCl, 25 mM EDTA; pH 7 4 , and resuspended in 1 ml of the wash solution. The optical density at 600 nm was adjusted to 2. Blocks were prepared by using a 1:l dilution of cells and 1% (vol/vol) low-melting-point agarose (Promega) poured into 100-p.1 molds. DNA was ext,-zted by incubation at 50°C overnight with 1 ml of 0.5 M EDTA (pH 8.5)-1% (wt/vol) sarcosylproteinase K (10 pg/ml) per block. Following extraction, the blocks were washed four times with TE (10 mM Tris-C1 [pH 7.6],1 mM EDTA) and stored at 4°C in TE.
Two-hundred-milliliter 1.2% agarose gels were loaded with blocks, sealed with agarose, and run in 0.5% TBE (0.045 M Tris-borate, 0.001 M EDTA) by using a Pharmacia Gene Navigator. Lambda ladder, delta 39 (Promega), 8-to 48-kb, 
FIG. 3.
Multiple alignment of flagellin sequences for relapsing-fever, Lyme-associated, and other borreliae. Abbreviations: B.rec., B. recurrentis; B.dut., B. duttonii; B.croc., B. crocidurae; B.his., B. hispanica; BSpa., Borrelia sp. strain Spain; B.miy., B. miyamotoi; B.her., B. hermsii; B.cor., B. coriaceae; B.tur., B. turicatae; B.par., B. parkeri; B.afz., B. afzelii; B.gar., B. garinii; B.bur., B. burgdorferi; B.lon., B. lonestari.
and 5-kb ladder pulsed-field markers (Bio-Rad) were included on every gel. The gels were run by using 200 V with pulse times ranging from 0.5 to 15 s for a total of 17 h. Bands were visualized following staining with ethidium bromide (1 p,g/ml) for 1 h.
DNA sequencing. The 16s rRNA gene was sequenced from a range of borrelial strains, including B. recurrentis Al. The sequences obtained were compared by using a range of phylogenetic techniques, and the results have been published elsewhere (26). Similarly, the flagellin gene was amplified, ligated into an Escherzchia coli vector, and sequenced by using the methods of Fukunaga et al. (15, 16) . Multiple alignments were prepared by using the Clustal program, and a phylogenetic analysis was performed by using the neighbor-joining method in the DNA STAR software package. G+C content of DNA. The G + C content of B. recurrentis was determined by high-performance liquid chromatography. DNA dissolved in water was denatured by boiling for 5 min and chilled on ice, and 10 pl (3 to 5 pg) of DNA was digested with P1 nuclease (DNA-GC kit; Seikagaku Kogyo, Tokyo, Japan) according to the manufacturer's instructions; 10-pl volumes of hydrolysate and a standard were analyzed by high-performance liquid chromatography (Shimadzu model LC-10AS instrument fitted with a type AQ-312 column; YMC CO., Ltd., Tokyo, Japan). The mobile phase was 10 mM phosphate buffer (pH 3.5) at a flow rate of 1.5 mlimin.
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Comparison of B. recurrentis DNA with DNAs from other borreliae. DNA was extracted from cells harvested from BSK I1 medium by incubating the cells for 3 h at 56°C in lysis buffer containing 10 mM Tris (pH 8), 60 mM EDTA (pH 8), 5% SDS, and 50 kg of proteinase K per ml. The DNA was extracted with phenol, precipitated with ethanol, and resuspended in water. Following 30 rnin of incubation at 37°C with RNase A (2 pg/ml), the DNA was again precipitated with ethanol, resuspended in water, and stored at -20°C until it was used.
DNA was quantified and diluted to produce dilution curves ranging from 200 ng to 50 pg for each of the louse-borne relapsing-fever strains and other species of tick-borne and Lyme-associated borreliae. A nylon membrane (Hybond-N; Amersham International) was divided into a grid, and l -~l volumes of each dilution of DNA were dotted onto the membrane, allowed to dry, and fixed with a UV cross-linker.
B. recurrentis A1 was prepared as a probe by using random prime labelling with fluorescein-1 1-dUTP (Gene Images kit; Amersham International) according to the manufacturer's instructions. Fluorescein-labelled probe was not stored before use. Biotin-labelled probe from the same strain was also prepared (Photoprobe; Vector Laboratories). Briefly, equal volumes of a solution containing 1 pg of denatured DNA per ml and Photoprobe were mixed, and the mixture was irradiated with a sunlamp for 15 min. Unreacted probe was deprotonated by adding 1 volume of 0.1 M Tris-HC1 (pH 9.5). The mixture was extracted with butanol twice (discarding the upper organic phase) and precipitated with ethanol, and the pellet was dissolved in sterile distilled water. Biotin-labelled probe was stored at -20°C until it was used.
Nylon membranes were prehybridized for 30 rnin to 1 h at 60°C by using 0.125 to 0.3 ml of 5 X SSC (diluted from a 20X SSC stock solution [ l x SSC is 0.015 M sodium citrate plus 0.15 M sodium chloride])-0.1 % (vol/vol) SDS-5% (wt/vol) dextran sulfate-1/20 dilution of liquid block (supplied with the Gene Images kit) per cm'. Denatured probe was added to the prehybridization buffer (10 ng/ml), and hybridization was allowed to proceed overnight at 60°C. Spent hybridization solution was discarded and replaced with preheated 1 X SSC-0.1% SDS (2 to 5 ml/cm2 of membrane) for 15 rnin at 60°C. This was replaced with 0.5X SSC-O.l% (vol/vol) SDS, and the preparation was incubated as described above. Bound probe was detected by using a Gene Images CDP-star detection module (Amersham International) for fluorescein-labelled probe according to the manufacturer's instructions. The preparations were exposed to hyperfilm MP (Amersharn International) for 30 rnin before being developed. Membranes hybridized with photobiotinylated probe were first blocked for 2 h at 37°C with 10% (wt/vol) dried milk (Marvel) in TBS (0.1 M Tris [pH 7.51, 0.15 M sodium chloride) and then were detected by using Vectastain (Vector Laboratories), washed three times in TBS (10 rnin each time), and exposed to pnitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indoylphosphate p-toluidine salt (30 and 15 mg/ml, respectively, in 100 ml of Tris-magnesium chloride buffer [0.1 M Tris, 0.5 mM magnesium chloride; pH 9.51). The reaction was stopped by immersing the membrane in distilled water.
Electron microscopy. B. recurrentis A1 was grown in BSK I1 medium, harvested by centrifugation at 3,500 X g for 20 min, and washed once in phosphate-buffered saline (3,500 X g, 20 rnin), and the pellet was resuspended and fixed in 3% (vol/vol) glutaraldehyde in 0.1 M cacodylate buffer, recentrifuged, and incubated at 4°C for 1 h. Cells were postfixed in 2% (wt/vol) osmium tetroxide, dehydrated in ascending grades of ethanol, and embedded in Spurr resin. Ultrathin sections were stained with aqueous uranyl acetate and Reynold's lead citrate prior to examination with an electron microscope.
To prepare for negative staining, the pellet was resuspended (1:9) in either 2% (vol/vol) aqueous phosphotungstic acid (neutralized with 1 M potassium hydroxide) supplemented with 0.01% (vol/vol) glycerol or 1% ammonium molybdate neutralized with concentrated ammonium hydroxide. One drop of suspension was allowed to air dry at room temperature on carbon-coated Forrnvar films supported on copper grids prior to examination.
RESULTS
SDS-PAGE.
Coomassie blue-stained gels revealed much heterogeneity in the area at and below 45 kDa. The protein patterns divided B. recurrentis strains into four groups (Fig. 1) . One group (four strains) had a major band at 45 m a ; the second group consisted of a single strain with a major band at 40 kDa; the third group (four strains) had a predominant band at 35.5 kDa; and the remaining nine isolates produced major bands between 21.5 and 24 kDa. The last group was subdivided into four subgroups to accommodate strains with identical molecular weights. Subgroup 4a had one member, subgroup 4b was comprised of two strains, subgroup 4c had four members, and subgroup 4d contained two strains (Fig. 1) .
Immunoblotting with monoclonal antibody H9724. A band located at 41 kDa was detected in all isolates of B. recurrentis (data not shown). The size of the band was determined by comparison to molecular weight standards and to strain B31 of Borrelia burgdoifen sensu stricto.
PFGE. All of the strains had a linear chromosome which migrated in the gel and had a size of approximately 1 Mb. The patterns observed for B. recurrentis were distinct from those of tick-borne relapsing-fever and Lyme-associated borreliae (Fig.  2) . All of the isolates of B. recurrentis carried a large plasmid of approximately 192 kb (range, 183 to 194 kb); however, the patterns observed for 25-to 62-kb plasmids showed more heterogeneity. A n 11-kb plasmid was present in all strains. This band was not always detectable on ethidium bromide-stained gels; however, it could be visualized following hybridization. All of the strains produced one of five plasmid patterns ( Table  2) . The presence of a major protein band belonging to group 4 (24 kDa or less) and plasmid types 3 to 5 was significantly different from the results obtained for strains that exhibited higher molecular weights for major proteins and had plasmid types 1 or 2 (chi-square test with Yates correction, 0.0009). The sizes of the plasrnids found in each B. recurrentis group are given in Table 3 . The chromosomal and plasmid bands between 25 and 194 kb resolved as sharp bands and thus probably represent linear DNA (10, 13).
DNA sequencing. The DNA sequence analysis revealed distinct signature nucleotides which distinguished Lyme-associ- neighbor-joining method and flagellin sequences.
FIG. 4.
Phylogenetic tree for the genus Borrelia constructed by using the ated borreliae from relapsing-fever borreliae; for example, there were signature nucleotides at positions 130, 193, 195, 196, 287, and 288 . The relapsing-fever strains from Africa could be distinguished from those found in America by base changes at positions 65,70,190, and 200 . B. recurrentis could be differentiated from Borrelia duttonii and indeed all of the other spirochetal strains analyzed by differences at positions 242, 525, 959, and 1481. Interestingly, all of these differences were substitutions of thymidine for cytosine. These data are based on those of Marti Ras et al. (26) . Details of the complete 16s rRNA gene sequences for relapsing-fever and Lyme-associated borreliae have been reported elsewhere (26), and the sequence of B. recurrentis A1 has been deposited in the GenBank database under accession no. U42300. A 984-base portion of the flagellin gene was sequenced, and the results were compared with B. duttonii 406K data. Only one base substitution was found, at position 497; adenosine was present in B. recurrentis, while B. duttonii contained a guanidine. The flagellin nucleotide sequence data have been deposited in the DDBJ, EMBL, and GenBank databases under accession no. D86618. A multiple alignment of these data with data for relapsing-fever, Lyme-associated, and other borreliae is shown in Fig. 3 . A phylogenetic tree was constructed by using the neighbor-joining method, which revealed a cluster comprised of B. recurrentis, B. duttonii, and Borrelia crocidurae (Fig.  4) . This cluster was more distantly related to Borrelia hispanica and the recently described Spanish relapsing-fever species (1). However, the American relapsing-fever strains clustered together and with Borrelia miyamotai and Borrelia lonestari. The Lyme-associated species formed a third distinct cluster (Fig. 4) .
G+C content of B. recurrentis DNA. The G + C content of strain A1 was 28.4 mol%. This is within the range of 27 to 32 mol% reported for members of the genus Borrelia (14).
Comparison of B. recurrentis DNA with DNAs from other borreliae. Both probe labelling and detection methods gave similar results for whole DNA-DNA hybridizations. B. recurrentis failed to react with the tick-borne relapsing-fever strains of Borrelia hermsii, Borrelia parkeri, and Borrelia turicatae. None of the Lyme-associated borreliae (B. burgdol;feri sensu stricto, Borrelia garinii, Borrelia afzelii, Borrelia japonica, group VS116) hybridized with B. recurrentis, even when 200 ng of target DNA was used. All strains of B. recurrentis hybridized with the probe, detecting levels of 1 to 10 ng of DNA.
Electron microscopy. Electron microscopy revealed characteristic borrelial cells (Fig. 5a ). The cells had tapering ends (Fig. 5b) and an average wavelength of 1.8 pm with an amplitude of 0.8 pm. The length was variable, but was approximately 12 to 22 pm. The cells had 8 to 10 periplasmic flagella and diameters of 0.27 to 0.34 pm (Fig. 5c through e) . Flagellar counts of transverse sections revealed 10 flagella (Fig. 5c) , while flagellar counts of the ends of cells revealed 8 flagella; however, insertion points could not be distinguished (Fig. 5d) . Negatively stained preparations of the central portion of spirochetal cells revealed 16 flagella, and presumably the flagella were released at the point of crossover.
DISCUSSION
In general, there was similarity between the previously described morphology (20) and the electron microscopic results of this study. The cells had tapering ends (Fig. 5b) typical of those described for the genus Borrelia; however, the ends were slightly less pointed than those described for B. bugdol;feri (21, 22) . The lengths of the cells and the diameters were consistent with earlier findings (20). The wavelength of strain A1 was identical to the wavelength reported earlier (20); however, the amplitude was 0.8 pm, in contrast to the 0.3-km amplitude previously reported (20). Another major difference was the number of flagella. Strain A1 of B. recurrentis had between 8 and 10 periplasmic flagella. The previously studied strains were reported to possess 15 to 20 and 25 to 30 unsheathed flagella (20, 22) . The strains described in previous studies were multiply passaged and mouse adapted, and the original country of origin was not stated. Higher numbers of flagella (15 to 26 flagella) have been observed in a newly described tick-borne relapsing-fever Borrelia species isolated from Spain (1). Strain differences may account for the difference in numbers of flagella.
It is likely that infestation by a multiplicity of lice may be a more efficient vector for relapsing fever than a single tick bite. Also, once borreliae have been introduced into a human host, there is no need for flagellum-associated attachment determinants. Hence, a possible explanation for the lower number of flagella in B. recurrentis than in the tick-borne strains resides in the presumption that the louse is a more efficient disease vector than the tick. Interestingly, flagellum-less mutants of B. burgdogen' were as capable as an isogenic flagellated strain in inducing protective antibodies in mice (29) .
The dissimilarity between B. recurrentis and American tickborne relapsing-fever strains, Lyme-associated strains, and other borreliae was highlighted by the whole DNA-DNA hybridization studies. These studies demonstrated a high degree of similarity among the 18 culturable strains of B. recurrentis.
Comparison of the DNA sequence of B. recurrentis with the sequence of a strain of an African tick-borne relapsing-fever borrelia (B. duttonii) revealed that these organisms are closely related, but differ in 4 bp in the 16s rRNA gene (26) and in 1 bp in the flagellin gene. The differences in the 16s RNA gene and the flagellin gene sequences of B. recurrentis and B. duttonii suggest that there is selective pressure to maintain the flagellin gene without mutation. Phylogenetic trees based on either the 16s RNA gene sequence or the flagellin gene sequence gave similar cluster patterns, confirming the relationship of B. recurrentis, B. duttonii, and B. crocidurae, which are more distantly related to relapsing-fever strains of Spanish origin. American relapsing-fever strains fell into a separate cluster together with B. miyamotoi and B. lonestari, while the Lyme disease-associated borreliae clustered separately. Whether the similarity between B. recurrentis and B. duttonii reflects adaptation of the organisms to a louse vector or results from geographical or circumstantial differences remains to be resolved. There are some data suggesting that B. duttonii could be transmitted to a louse vector (2), but this remains to be substantiated. What is true is that the sporadic tick-borne relapsing fever does not seem to have the severity or epidemic potential of the louse-borne disease.
PFGE demonstrated the presence of a linear chromosome of approximately 1 Mb in all of the strains tested. This chromosome is similar to the chromosome described for other VOL. 47. 1997 BORRELIA RECURRENTIS CHARACTERIZATION 967
borrelial strains (6, 7, 13, 23). High-molecular-weight minichromosomes that are 180 and 170 kb long have been described previously in B. hermsii and B. turicatae, respectively (13), and were also demonstrated in B. recurrentis in our analysis. However, the high-molecular-weight minichromosomes in B. recurrentis were slightly larger (183 to 194 bp). Both linear plasmids and linear chromosomes have been detected in relapsing-fever borreliae. Replicons with similar structures are more frequently associated with eukaryotic cells than with prokaryotes. Molecular characterization of these structures may provide clues to the evolutionary relationship between prokaryotes and eukaryotes and may also provide evidence for genetic exchange between these kingdoms (19). Workers have noted similarity between the AT-rich sequences at the ends of the specific linear plasmids of B. burgdoifen and tick-borne relapsing-fever strains and iridovirus (8, 18), suggesting that the linear replicons may have a common origin and may have been subject to transkingdom exchange. This is more likely as the tick is a common vector of both African swine fever (iridovirus) and relapsing fever. Since B. recurrentis is louse borne, the possible presence of these common sequences would have taxonomic and evolutionary implications, particularly in illuminating the relationship to tick-borne disease.
The serospecificity of borreliae in each clinical relapse is determined by the outer membrane proteins. The genetic mechanism of this antigenic variation has been studied in previously isolated borreliae other than B. recurrentis (5) . It has been suggested that there is a minichromosome shuttle mechanism similar to that found with sleeping sickness trypanosomes. In B. hermsii the variable membrane lipoprotein (VMP) is the responsible antigen (28). Studies of B. hermsii have suggested three possible mechanisms of VMP variation: (i) a complete silent vmp gene may replace a complete expressed vmp by intermolecular recombination; (ii) a silent complete VMP gene located on another plasmid may partially replace expressed vmp (the donor VMP sequence may be an incomplete pseudogene); or (iii) the donor gene may be on the same replicon as the active vmp, and the serotype switch may be achieved by intramolecular recombination in the expressed plasmid (28).
Areas of homology exist at the telomeres of the different vmp genes of B. hermsii and, indeed, have been shown to have homology with the telomeres of other relapsing-fever species, including B. turicatae and B. crocidurae (5a). Similarity has also been demonstrated between these telomeric sequences and those of other borreliae, including the OspC gene of B. burgdotferi sensu lato (24,25) and a VMP-like gene in B. myamotoi (17). Future use of primers for conserved telomeric sequences to amplify and sequence the VMP genes of our cultivable strains would allow us to compare these organisms with other relapsing-fever borreliae. Similarly, probes would allow us to locate the genes responsible for the antigenic variants of B. recurrentis. It would then be possible to characterize different antigenic variants and identify whether the differences in observed plasmid profiles seen in this study are associated with major genetic reorganizations. This has not been the case with B. hermsii. Both protein profiles and plasmid patterns of B. recurrentis allowed isolates to be grouped. The association seen in Table 2 suggests that these two events may be related. It is plausible that as strains undergo antigenic variation, the major protein responsible for serotype specificity is altered, and this event may be accompanied by a concomitant genetic reorganization, resulting in a changed plasmid profile. Up to five relapses have been reported with louse-borne relapsing fever (9); whether this correlates with the five plasmid profiles seen in Fig. 2 remains speculative. Further study of B. recurrentis present in clinical material and lice and a comparison of the results with results obtained with our cultivable strains would establish whether certain culture-adapted variants are selected by our in vitro methods (a culture-associated VMP of approximately 20 kDa has been described for B. hermsii [27] ) and would also establish the range of VMPs expressed in primary disease (relapse variants would require the use of animal models) and the range of VMPs expressed in the louse vector.
